A controller based on regional pole placement for the handling stability of an intelligent ground vehicle is proposed in this paper. The 2 degree-of-freedom model for the vehicle was applied to analysis the uncertainty generated by the tires and model of the vehicle. Another parameter that must be considered is the change in the vehicle's speed. A polytope with finite vertices was applied for the uncertainty generated by the vehicle's speed in the model. The linear matrix inequality (LMI) method was used to solve the gain of the controller's matrix. Simulations were also used to verify the performance of the proposed controller. The simulation results prove that the controller can improve the vehicle's handling stability against the uncertainty generated by the parameters.
I. INTRODUCTION
Currently, distributed drive electric vehicles, with electric motors directly connected to the wheels, are widely used. The motors can generate active yaw moments. For lateral dynamics in particular, the dynamics control method has been widely studied. Meanwhile, due to the development of vehicles, research into driverless vehicles has led to many academic achievements. Driving safety is one of the most important challenges in the field of driverless vehicles.
Lateral dynamics, relating to driving safety, is one of the most significant problems in vehicle control. Today, combining electric control units (ECUs) with existing software systems to improve a vehicle's performance has become popular. For ground vehicles, numerous advanced control strategies for ECUs have been proposed. Moreover, technologies such as antilock brake systems [3] , active front steering (AFS) [4] , direct yaw-moment control (DYC) [5] , electric stability program [6] , and torque vectoring control [7] , which effectively improve vehicle safety and handling, are widely used in distributed drive electric vehicles [8] .
Based on the systems mentioned above, many modern control methods have been applied to vehicle control. The sliding mode control [10] and model predictive control [11] , [12] The associate editor coordinating the review of this manuscript and approving it for publication was Engang Tian . methods were proposed to solve the lateral dynamic control problem and the problem regarding the anti-idling system; the learning control method proposed in [13] can be used to solve the path-following problem in autonomous vehicles, while the adaptive robust control method proposed in [14] can be used to control the active suspensions in electrohydraulic actuators. Moreover, artificial neural network control [15] , the chained systems theory [16] , optimal control [17] , fuzzy control [18] , data-driven control [19] , and many other approaches have also been suggested for other applications [20] , [21] .
In lateral dynamic control, the DYC is one of the most effective methods to control the lateral stability of the vehicle. It uses an external yaw moment to track the reference state, including the side slip angle and the yaw rate, and the external yaw moment, mentioned above, is calculated by the ECU by considering the transfer function between the steering angle and the reference yaw rate. One of the main problems in this field is the calculation of the desired yaw moment. The LQR method can design the optimal guaranteed cost coordination controller, which can calculate the yaw moment and the front wheel steering angle; this method was proposed in literature [22] . In [7] , the feedback controller and the steering wheel angle feedforward controller were combined to improve the yaw rate transient response, and the proposed controller achieved the desired yaw rate steady gain. In this study, the gain of the matrix was calculated using the optimal control with the function of the time integrated and the absolute error. Furthermore, Fuzzy control has been combined with a robust H ∞ control design gain-scheduling controller to improve the performance of the lateral dynamic stability.
As the friction with the road surface and the load on each wheel changes constantly, nonlinear terms exist in the traditional 2-degree-of-freedom (DOF) vehicle model. These factors will influence the performance of a parameter-fixed vehicle model. In addition, vehicles are usually designed with understeering characteristics to maintain vehicle stability. However, in some special cases, the understeering characteristics may not satisfy the handling requirements across different types of vehicles, particularly high-mobility vehicles. This type of uncertainty cannot usually be measured. The norm-bounded method can be used to address the indeterminacies mentioned above.
Meanwhile, the velocity of the vehicle is a term which should not be ignored. In the traditional 2 DOF model, the speed of the vehicle is usually considered as a constant, however, the change of the vehicle's velocity should be considered when analysing the performance of the system. As the velocity of the vehicle can be measured in real time, a polytope with finite vertices can be used to describe the measurable indeterminacies. The linear parameter-varying (LPV) method can be used to solve the problem of the nonlinear dynamic system. In this method, the controller can be considered as an interpolation of different controllers at different vehicle velocities, then, the gain of the controller can be automatically scheduled as the vehicle speed changes. H. Zhang proposed a controller that considers the change of the vehicle speed by analysing a parallelogram polytope [24] ; X. Jin considered the change of the vehicle speed using a hyper-trapezoidal polytope instead of the hyperrectangular polytope to reduce the controller's conservative, and proposed the lateral controller based on the polytope [25] . Reducing the conservative of the polytope may be one of the main problems when designing the controller.
Pole placement is an effective method to improve a system's flexibility. It is usually used to improve system performance by introducing a feedback controller. The poles can reflect the system directly, and the system achieves a particular manoeuvre by specifically placing the poles. However, in most cases, the requirement of the poles is not strictly limited to a certain location. The poles can be placed in a given region, instead of at specific points. Linear matrix inequality (LMI) is an effective method used to describe the pole placement within a region.
This study proposes a feedback controller using the regional pole placement method combined with the LPV method, instead of tracking a reference state, as used in traditional handling stability control problems. The regional pole placement method can be used to improve the handling flexibility and the stability during steering of the vehicle against the uncertainty generated by the parameter of the vehicle; the LPV method is used to improve the controller performance against the changing velocity. The simulation results show that the proposed controller can help improve the handling stability.
The structure of this thesis is organized as follows: firstly, the 2 DOF vehicle model is mentioned, considering the parameter uncertainty given in Chapter 2, in which both uncertainty types are described. Chapter 3 presents the derivation of the controller using the pole placement method. Then, in section 4, the simulation results are shown for verification of the proposed controller.
II. DESCRIPTION OF VEHICLE'S UNCERTAINTIES
This chapter describes the design of the controller, that is, the vehicle model with uncertainties and disturbances. Here, the traditional bicycle model of vehicle dynamics was used, and the structure of the model is shown in Figure 1 . The distances from the front and rear axles to the CG are given by a and b, respectively. The front tires' lateral forces are denoted by F y1 and F y2 , and δ represents the steering angle. The vehicle's handling dynamics system is described by the equations below, and the sideslip angle β and yaw rate ω are defined as the model's state variables [8] :
where M (t) represents the external yaw moment and u is the vehicle speed, which is usually assumed to be a constant in studies describing handling stability. When the vehicle is working in the state of low lateral acceleration, such as driving straight, the tires work in the linear zone, and the relationship between the lateral force and its sideslip angles can be estimated using the tires' cornering stiffness:
where k 1 and k 2 represent the vehicle's cornering stiffness for the front and rear tires, respectively, and the sideslip angle can be described as:
Substituting Eqs. (1) and (2) into Eq. (3):
The state-space form of the controlling system can be expressed as:
where
and
Mostly, tires do not operate in the linear zone, and the tire's cornering stiffness continually changes with the change in the road and vehicle's states, rather than remaining constant.
As the cornering stiffness is always bounded, it can be represented by:
where k 1 and k 2 represent the normal cornering stiffness, and ρ 1 and ρ 2 are the time-varying parameters that satisfy |ρ| ≤1.
The terms 1/m and 1/I z are included in Eq. (6) . As the loading of the vehicle varies considerably, the moment of inertia and the vehicle's mass can be considered as parameters with time-varying uncertainty terms. Considering the uncertainties which exist in the system:
Therefore, the terms 1/m and 1/I z in Eq. (6) can be changed to the terms with uncertainty:
1
By substituting Eqs. (7), (8), (11) , and (12) into Eq. (5), and taking the steering angle as a disturbing signal, the statespace form of the controlling system can be expressed as:
where A and B 2 represent the matrix including the uncertainty, derived using the uncertainty terms k 1 , k 2 , m and I z on matrix A and B 2 , respectively. As the uncertainties exist in the parameters which cannot be accurately measured, the matrices with the uncertainty can be described with a norm-bounded approach. In this way, A and B 2 can be expressed as A = DFE 1 and B 2 = DFE 2 , where D, E 1 , and E 2 are known constant matrix functions, and Fis the time-varying matrix, satisfying F(t)F T (t) ≤ I .
A. LINEAR PARAMETER-VARYING SYSTEM
The vehicle speed changes almost continuously. Thus, it is necessary to take the uncertainty of the speed into consideration when designing the controller. As the speed of the vehicle is measurable, the gain of the controller can be adjusted online as the speed changes.
Considering that the longitudinal speed of the vehicle is in the range of [u,u] , and the vehicle is running for most of the time, it can be determined that the nonlinear terms 1/u and 1/u 2 vary in the ranges [1/u, 1/u] and [1/u 2 , 1/u 2 ], respectively. Some researchers have studied the polytope describing parameter variations. The parallelogram polytope, which can express all possible choices of (1/u, 1/u 2 ) with a linear combination of the four vertices, is quite simple. However, the larger the polytope size is, the more conservative the controller is. Hence, in this paper, the gain-scheduler controller is mentioned with the aim of reducing the conservative. Figure 2 shows the polytope used in this study. The red curve is the function of the variables A 1 A 2 , representing the connection between the beginning and end of the curve, and A 1 B 1 and A 2 B 2 , which are the tangents of the curve at B 1 and B 2 , parallel with A 1 A 2 . It can be seen that two triangles formed the polytope, and that the size of the polytope is smaller than those used in former studies, so the conservative can be deduced. The design comprises a controller at each of the vertices; then, the controller can be obtained by linear interpolation. By calculating the coordinate of each vertex, as follows, the LPV method can be used, and the form of the gainschedule controller can be obtained.
According to the coordinates of A 1 (1/u, 1/u 2 ), A 2 (1/u, 1/u 2 ), and the tangent of the curve parallel with A 1 A 2 , the coordinates of O(1/u 0 , 1/u 2 0 ) can be obtained. The coordinates of the points where the curve tangent crosses A 1 and A 2 can be expressed by:
The expression of the tangent of the curve B 1 B 2 can be given by:
Then, the coordinates of B 1 ,B 2 , andOcan be solved as:
Each point in the polytope can then be expressed by the three vertices of the triangle. Take a point P on as an example, the point can be expressed as:
with
The weight factors of the three vertices of triangle A 1 B 1 O can be calculated via interpolation.
B. CONTROLLER DESIGN
As an example, for the controller in triangle A 1 B 1 O, it was assumed that the controller at each vertex in A 1 B 1 O can be expressed as:
where K is the state-feedback gain matrix (the term to be described in this paper). By solving the equalities as follows, the factors in Eq. (19) can be obtained.
Hence, the factors of the controller can be solved:
Then the controller in Eq. (19) can be written as:
Therefore, when the sensor obtains the vehicle speed, the ECU can determine which group of vertices in the triangle should be used. Then, the controller can be adjusted online.
By substituting the control law, in Eq. (19), into the system, Eq. (13), we obtain the closed-loop control system:
As the speed also exists in matrix E, the uncertainty matrix in this paper can also be expressed at each of the vertices.
The main objective of this paper is to solve the gain K of the matrix; the method of regional pole placement is introduced in the next chapter. One theory for placing poles in a specific region is proposed.
III. CONTROLLER DESIGN BASED ON REGINAL POLE PLACEMENT
The transient response of a linear controlling system is related to the location of its poles, i.e. the poles of the system effect the system performance. For a second-order controlling system, if a step signal is given as its input, its response, referring to the poles λ = −ζ ω n ± jω d in this study, is fully characterized in terms of the undamped natural frequency ω n = |λ|, the damping ratio ζ , and the damped natural frequency ω d , which relates to ω n and ζ . By constraining λ to a given region, specific boundaries can be placed on the performance, helping to ensure a satisfactory transient response.
For better control, the constrained region can be described as:
The system can achieve the lowest damping ratio ζ = cos θ and the largest damping natural frequency ω d within the poles in the region S, indicating that indices such as the maximum overshoot, rising time, and settling time, would not exceed the determined bounds ( Figure 3 ). However, it is difficult to solve the problem using Eq. (25), describing the complex pole constraint region. Therefore, studies have focused on a special pole constraint region, i.e. the circular region. Region D, shown in Figure 3 , has the simplest equation constraints; therefore, the pole region can be described using a circular region in many practical designs. Consider the system in Eq. (13) with the controller in Eq. (19) , and let D represent the region of the system in Eq. (13), then the poles in the region make the system quadratically stable. Here, we introduce some definitions to describe the stability of the system.
Definition 1: For an LMI region D, and a systemẋ = Ax, if λ(A) ⊆ D, where λ is the characteristic root of the system, the system is considered to be D-stabilizable, or the matrix A is considered to be D-stable [27] .
Definition 2: For a given LMI region D, if there exists a numerical function F D such that the characteristic inequality of the LMI region D is equivalent to F D <0, then the numerical function F D is defined as a characteristic function [28] .
The form of the characteristic function is usually given as in Eq. (26):
For a disk region (q, r), with the centre q <0 and radius r, its characteristic inequality is:
and its characteristic function is:
The following lemma is proposed to describe the regional pole placement. Lemma 1: For a systemẋ(t) = Ax(t) and a given zone D, the system is considered D-stabilizable if a positive matrix X >0 exists, satisfying the LMI below:
Remark: Given the matrices A = {a ij } ∈ R n×m and B ∈ R p×q , the Kronecker product is defined as:
Considering the uncertainty of a system, definitions describing the stability of that type of system are introduced: Definition 3: For the systemẋ(t) = Ax(t), if A is D-stable, for the with all the parameter uncertainty, if λ(A( )) ⊆ D, the uncertain system in the form ofẋ(t) = A( )x(t) is said to be D-stabilizable.
Definition 4: Given an LMI region D constrained by a given characteristic function, for the with all the parameter uncertainty, if a symmetrical positive determined matrix X exists and it satisfies the equation:
then, the uncertain systemẋ(t) = A( )x(t) is considered to be asymptotically stable.
To deal with the parameter uncertainty terms in the system, the following lemma was introduced.
Lemma 2 ( [29] ): For a symmetric matrix H , and are matrices with proper dimensions, and T < I ; then the following linear matrix inequality, Eq. (33), holds if a positive scalar ε>0 exists, satisfying the inequality in Eq. (34):
Given a disk zone with centre −q+j0 and radius r, the system in Eq. (13) is D-stabilizable when a positive matrix X > 0 exists, satisfying the LMI below:
where * stands for the symmetric elements in a symmetric matrix here and in the sequel below.
To design the controller in this chapter, the vehicle speed was assumed to remain constant, then, substituting the expression of the uncertainty into Eq. (35), Eq. (35) can be rewritten as:
Defining the part without uncertainty in the matrix in Eq. (36) as Y , Eq. (36) can be rewritten as: VOLUME 7, 2019 and can be changed to:
According to lemma 2, only one ε 0 exists that satisfies the LMI below:
which can also be written as:
According to the Schur complement theorem, the LMI in Eq. (40) can be written as:
If Z = ε 0 X and Q = KZ , Eq. (41) can be rewritten as:
Then, the controller can be derived as:
Considering the uncertainty generated by the vehicle speed, we obtain the LMI as: 
While the controller of the vehicle can be obtained as:
The controller in Eq. (44) can make the system with uncertainty quadratically stable.
IV. SIMULATIONS
Simulations for different cases were used to verify the proposed method. The simulations were performed on the MATLAB/Simulink platform, and a whole vehicle model was used. The magic formula tire model was used, with the road roughness present in the simulation. The vehicle parameters were as follows: m 0 = 900 kg, I z = 4436.94 kg·m 2 , a = 1 m, b = 1 m, k 1 = −45, 813 N/rad, and k 2 = −45, 813 N/rad. The perturbation of the system was assumed to be 30%, a nominal value. The longitudinal speed was predefined and was controlled by the PID control algorithm. The first group of simulations were performed to verify a constant-speed manoeuvre, in which the vehicle speed remained at approximately 80 km/h, and the front wheels' steering angle changed when the longitudinal speed was approximately constant. The value of the front wheels' steering was set to 0.6 rad at 1 s. The results of the simulations are shown in the following figures. Figures 4 and 5 show the side slip angle response and the yaw rate of the vehicle, respectively. The blue line indicates the response without the proposed controller, while the red line indicates the response with the proposed controller. From the figures, it can be seen that the side slip angle can be maintained around zero, and the proposed controller can improve the stability of the vehicle. In addition, from the two figures, the vehicle without the proposed controller gradually becomes unstable after the front wheels' steering angle changes. Figure 6 shows the layout of the system's poles. It can be seen that some poles are on the right half of the complex plane, indicating that the vehicle is not steady after the steering angle changes. However, the proposed controller can modify the performance by placing the poles on the left half of the complex plane, making the system steady. From Figures 4-6 , we can see that the controller can help modify the system's stability against the uncertainty generated by the vehicle's mass.
With the aim of stabilizing the system against the uncertainties caused by the change in the moment of the inertia, another group of simulation result is shown in Figures 7-9 .
Similar to Figures 4-6 , we can see that the simulation results show that the proposed controller is effective in stabilizing the system against the change of the vehicle's moment of inertia.
The second group of simulation results are shown in the following figures; the simulation was mainly focused on testing the performance of the controller against the changing speed. In this simulation, the front wheels' steering angle is given as in Figure 9 . It can be seen that the vehicle was steered three times during the simulation. The vehicle speed is shown in Figure 10 , ranging 20-80 km/h. Figures 12 and 13 show comparisons of the side slip angle and the yaw rate of the vehicle. We can see from the figures that when the vehicle worked without the proposed controller, the side slip angle increased rapidly, and the vehicle was not stable, thus, the simulation had to stop during the first steering. However, the vehicle with the proposed controller had a different result. We can see from the red curves in Figures 12 and 13 that the two variables are stable. Figure 12 shows that the side slip angle of the vehicle can be maintained at approximately 0 rad with the controller. Meanwhile, Figure 13 shows that the yaw rate of the vehicle can change as the front wheels' steering angle changes. Considering the change of the vehicle speed, as shown in Figure 11 , we can conclude that the proposed controller can help to improve the vehicle's handling stability against the uncertainty of the vehicle speed.
V. CONCLUSION
A yaw-moment feedback controller, designed using the regional pole placement method, was proposed in this paper. The proposed controller considers the uncertainty caused by the parameters such as the vehicle's mass and the vehicle's moment of inertia, while the uncertainty generated by the tires is also considered. Meanwhile, to improve the accuracy of the controller with regard to the change in the vehicle's velocity, the LPV method was used to describe the uncertainty caused by the vehicle's speed change. Based on the model with uncertainty, the controller was designed using the method of regional pole placement; the poles of the system were placed in a given zone, which could be determined based on the different performance requirements of the vehicle in practice. The LMIs were used to describe the zone and solve the gain of the state feedback matrix. For the simulations, the results of two groups were shown, demonstrating that the proposed controller can help improve the performance of the vehicle against the vehicle's uncertainty. Future work should examine the method to determine the poles' region, the relationship between the poles and the performance of the vehicle, and further methods to describe the uncertainties more accurately.
